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INTRODUCTION

Magnesium is the most abundant intracellular bivalent cation. 
It plays a major role in overall cell functions, including DNA 
and protein synthesis, glucose and fat metabolism, oxidative 

phosphorylation, neuromuscular excitability, and enzyme ac-
tivity.1 Magnesium is also well known for its important roles in 
maintaining mineral bone metabolism and regulating vascular 
tone. Several studies have reported that magnesium deficiency 
is associated with the development of atherosclerosis and vas-
cular diseases.2,3 Other studies in animals and humans have 
demonstrated that magnesium supplementation can limit ath-
erosclerosis and decrease the intima-media thickness.4,5 Ath-
erosclerosis can be attributed to endothelial dysfunction, which 
was demonstrated by several studies that endothelial dysfunc-
tion is present in the preclinical stage of atherosclerosis.6

Most of magnesium contents in human body is deposited 
in intracellular compartment (bone, 85%, soft tissue and liver, 
14%), with only 1% present in the extracellular compartment. 
A trace amount of magnesium is absorbed from the intestine. 
However, this absorbed magnesium is mostly excreted through 
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the kidney or/and intestine itself in order to maintain its prop-
er magnesium balance. Excreted magnesium accounts for 
less than 1% of the total stores.7 For chronic kidney disease 
(CKD), urinary magnesium excretion may be normal or even 
increased until the glomerular filtration rate falls to ≤30 mL/
min. As CKD progresses (<30 mL/min), urinary magnesium 
excretion is inadequate to balance intestinal magnesium ab-
sorption, at which dietary magnesium intake becomes a ma-
jor determinant of serum and total body magnesium levels.8 
In the case of patients receiving hemodialysis (HD), adminis-
tration of magnesium-containing medication and high mag-
nesium content of the dialysate are largely contributable for 
magnesium balance.9 Consequently, they are more likely to 
have elevated serum magnesium concentration and to be at 
risk for magnesium overload than are patients with function-
ing kidneys.8

To our knowledge, there are few prior studies that addressed 
the relationship between the serum magnesium level and en-
dothelial dysfunction in patients with end-stage renal disease 
(ESRD) undergoing HD. Therefore, the aim of this study was 
to define this relationship using flow mediated dilation (FMD) 
and iontophoresis with laser-Doppler flowmetry (LDF), and 
carotid intima-media thickness (cIMT).

MATERIALS AND METHODS

Subjects and study design
A total of 27 HD patients from Ewha Womans University Mok-
dong Hospital Dialysis Center between February 2011 and Sep-
tember 2012 were enrolled. The participants who were under-
going HD for at least three months were between 18 and 65 
years of age. They were medically stable (without any acute ill-
nesses, significant infections, inflammation, or malignancies) 
and anuric with urine output of <100 mL/day, which can be 
seen as loss of residual renal function. HD was maintained us-
ing bicarbonate dialysate with the following electrolyte con-
centration: sodium 140 mEq/L, potassium 2.0 mEq/L, chloride 
120 mEq/L, calcium 3.0 mEq/L, phosphate 0 mEq/L, magne-
sium 1.0 mEq/L (1.2 mg/dL), and bicarbonate 30 mEq/L. Data 
were collected from the medical record, including enrollment 
information and previous medical history. To evaluate endo-
thelial function and atherosclerosis, FMD, iontophoresis with 
LDF, and cIMT were measured prior to starting a dialysis ses-
sion after the patients had fasted for at least 8 hours. Each 
subject avoided food, drugs, tobacco, alcohol, coffee, or tea 10 
hours prior to the test and had 20 minutes of acclimation in 
supine position before the test.

This protocol was approved by the hospital’s ethics commit-
tee. All patients gave written informed consent before partici-
pating.

Assessment of endothelial function 

Flow-mediated dilation (FMD)
Measurements were made by a single observer using a SONOS 
5500 ultrasound system (Philips North America Corporation, 
Andover, MA, USA) with a 11-MHz probe. Brachial FMD was 
assessed using methods described previously by Celermajer, 
et al.10 Briefly, after 20 minutes of resting in the supine position 
in a temperature controlled room (22–24°C), the patient’s study 
arm was extended and comfortably immobilized throughout 
the measurement. Changes in the luminal diameter of the bra-
chial were measured during the reactive hyperemia phase in 
order to assess endothelium-dependent vasodilation. After the 
subjects had been lying down for 15 minutes, endothelium-in-
dependent vasodilation was measured based on the change in 
the luminal diameter of the brachial artery in response to 0.6 
mg nitroglycerine. The lag times from the baseline to the initial 
reaction and peak reaction were defined as the initial reaction 
time and peak reaction time, respectively.

Iontophoresis with laser-Doppler flowmetry (LDF) 
Iontophoresis employs electrically repulsive forces to deliver lo-
cally applied drug across the skin for therapeutic and diagnostic 
purposes. It is a non-invasive and proper tool to determine en-
dothelial dysfunction.11 LDF measures cutaneous blood perfu-
sion using the principle of the Doppler shift for lasers; it pro-
vides a linear relationship with the velocity of red blood cells.12

During the acclimation period, subjects sat in a comfortable 
chair for 20 minutes in a temperature-controlled room (22–
24°C). Alcohol-soaked cotton was used to clean the skin of the 
forearm. Two drug delivery chamber electrodes (PF 383; Pe-
rimed, Järfälla, Sweden) were used for delivering acetylcholine 
(Ach) and sodium nitroprusside (SNP) on the skin. The drug 
delivery electrode were attached to the volar aspect of the fore-
arm at a distance of 10 cm. Indifferent electrodes (PF 384, Pe-
rimed, Järfälla, Sweden) were attached to the forearm at a dis-
tance of 10 mm from paired drug delivery electrodes and pro-
vided the current needed for Ach and SNP delivery. Next, 0.05 
mL of 1% solutions of Ach and sodium SNP were injected into 
the anodal and cathodal chambers to measure the endotheli-
al-dependent and endothelial-independent responses, re-
spectively.13 The laser-Doppler probe (PF 408, Perimed, Järfäl-
la, Sweden), connected to the LDF (PF 4001, Perimed, Järfälla, 
Sweden) was fixed within the drug chamber in order to explore 
the same small area of the skin. The laser Doppler outputs were 
recorded continuously using an interfaced computer equipped 
with acquisition software as arbitrary units (perfusion units, 
PU). After recording five minutes of stable baseline perfusion, 
dose-response curves to Ach and SNP were obtained with step-
wise current applications.14 Ach was delivered in six doses (0.1 
mA for 20 seconds each), followed by another two doses (0.2 
mA for 20 seconds each) with 180 seconds in interval between 
the two successive doses. The absolute maximal response was 
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defined as the flow rate reached after the last drug delivery. In 
order to eliminate the baseline variability, the blood flow re-
sponses to locally delivered Ach and SNP were expressed as 
ratios of response PU to baseline PU.11

Intima-media thickness of the common carotid artery (cIMT) 
Carotid ultrasonography was performed using a 10-MHz scan-
ning frequency in B mode. The carotid IMT was analyzed using 
a computer-based software called Intimascope® (Media Cross 
Co. Ltd., Tokyo, Japan).15 With the subject in the supine position, 
one skillful observer scanned the vessel in transverse planes. 
Images were obtained 20 mm proximal to the origin of the bulb 
at the far wall of the right common carotid artery. The comput-
er-based IMT was evaluated by three methods, including 
3-point, maximal, and average evaluations. Three-point evalu-
ation refers to the average value of 3-point IMT, including two 
end points and the middle point in the >2 cm region. Maximal 
evaluation was obtained by the IMT value at the region’s max-
imal point. Average IMT was the average value of 250 comput-
er-based points in the region. In this study, average IMT was 
used because the computer-automated average IMT evalua-
tions was thought to be more reliable indices for atherosclero-
sis rather than 3-point evaluation.15

Biochemical analyses 
Venous blood was sampled just before the start of a dialysis ses-
sion after 8 hour of fasting. Routine laboratory methods were 
used to measure serum albumin, total calcium, phosphate, to-
tal cholesterol, triglycerides, high-density lipoprotein, low-
density lipoprotein and intact parathyroid hormone (PTH) in 
the blood. Serum magnesium was measured using the Xylene 
blue method (Clinimate MG kit, Sekisui Medical Co. Ltd., To-
kyo, Japan). In healthy subjects, serum magnesium ranges be-
tween 1.9 and 3.1 mg/dL (0.79–1.29 mmol/L). The laboratory 
data (except magnesium) was taken from those at the begin-
ning of the month, on which the endothelial function tests 

were carried out.

Statistical analyses 
All data are expressed as means±SDs. Student’s t-tests were used 
to assess differences in the means between two groups. Pear-
son’s rank correlation was used to determine correlations be-
tween paired variables. Stepwise multivariate regression analy-
sis was used to assess the predictors for FMD. p values<0.05 
were considered statistically significant. All calculations were 
performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Baseline characteristics 
A total of 27 patients between 33 and 64 years old were in-
cluded (12 men, 15 women). The baseline demographic and 
clinical characteristics are shown in Table 1. The etiology of 
CKD in this study included diabetes mellitus, hypertension, 
glomerulonephritis, and trauma, in order of decreasing frequ-
ency. All patients with cardiovascular disease were being treat-
ed for diabetes mellitus. One patient with cerebrovascular dis-
ease was not diagnosed with diabetes mellitus. There were no 
patients with peripheral vascular disease. Two patients (on male 
and one female) were current smokers. 

Table 1. Baseline Characteristics

Variables n=27
Age, yrs (range) 52 (33–64)
Sex, M/F 12/15
Etiology of chronic kidney disease, number of patients

Diabetes mellitus 11
Hypertension 5
Chronic glomerulonephritis 3
Trauma 1
Unknown 7

Current smoker 2
History, number of patients

Cardiovascular disease 3
Cerebrovascular disease 3
Peripheral vascular disease 0

Table 2. Biochemical and Vascular Assessment

Variables
Mean±

standard deviation (n)*
Laboratory finding

Magnesium (mg/dL) 3.43±0.46 (27)
Hemoglobin (g/dL) 10.27±0.61 (27)
Blood urea nitrogen (mg/dL) 71.96±15.14 (27)
Creatinine (mg/dL) 10.82±2.82 (27)
Albumin (g/dL) 3.81±0.30 (27)
Total cholesterol (mg/dL) 139.93±30.27 (27)
Triglycerides (mg/dL) 112.81±69.23 (27)
Low density cholesterol (mg/dL) 78.09±22.27 (11)
Total calcium (mg/dL) 8.51±0.81 (27)
Phosphorus (mg/dL) 5.31±1.00 (27)
Uric acid (mg/dL) 7.77±0.93 (27)
Intact parathyroid hormone (pg/mL) 154.86±148.32 (27)

Vascular assessment
Flow-mediated dilation (%) 3.9±2.2 (26)
Nitroglycerine-mediated dilation (%) 11.7±6.7 (26)
Acetylcholine-induced iontophoresis
  (ratio of response to baseline)

8.5±4.3 (27)

Nitropurusside-induced iontophoresis
  (ratio of response to baseline)

7.5±4.5 (27)

Carotid intima media thickness (mm) 0.80±0.10 (18)
*Number of case.
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Biochemical and vascular assessments 
The biochemical and vascular assessments are presented in 
Table 2. The average serum magnesium concentration (3.43± 

0.46 mg/dL, range 2.47–4.5 mg/dL) was higher than the normal 
limit (1.9–3.1 mg/dL). Phosphorus, uric acid, and intact PTH 
were also higher than the references values. In the endothelial 
dysfunction test, FMD (3.9±2.2%) was lower than the nitroglyc-
erin-mediated dilation (NMD, 11.7±6.7%). The response to 
Ach-induced iontophoresis (8.5±4.3), however, was greater than 
that of SNP-induced iontophoresis (7.5±4.5). The average cIMT 
of 18 subjects was <1 mm (0.80±0.10 mm). 

The relationship between the serum magnesium concentra-
tion and vascular parameters was evaluated (Figs. 1, 2, and 3). 
There was a strong positive relationship between FMD and 
the serum magnesium concentration (r=0.561, p=0.003) (Fig. 
2A), in contrast to NMD (r=-0.057, p=0.783) (Fig. 2B). Both Ach-
induced and SNP-induced ratio of response to baseline from 
iontophoresis with LDF had weak correlation with statistical 
insignificance (r=-0.022, p=0.914) (Fig. 1A) (r=0.017, p=0.932) 
(Fig. 1B).

The cIMT decreased with increasing serum magnesium 
concentration, which was not statistically significant (p=0.221).
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Fig. 1. Scatter plot of the relationships between serum magnesium concentration and endothelial function using iontophoresis with laser-Doppler 
flowmetry. Neither endothelium-dependent vascular dilation (A) nor endothelium-independent vascular dilation (B) was significantly related to serum 
magnesium. Ach, acetylcholine; SNP, sodium nitroprusside.
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Fig. 2. Scatter plot of the relationships between serum magnesium concentration and endothelial function, measured by flow mediated dilation. En-
dothelium-dependent vasodilation (A) is significantly associated with serum magnesium. There is no significant trend in endothelium-independent 
vasodilatation (B).

Fig. 3. Negative relationship between serum magnesium concentration 
and carotid intima-media thickness (p=0.221).
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Measurements comparisons based on the median 
magnesium concentration
We compared the laboratory parameters and vascular assess-
ments of patients with magnesium levels above and below the 
median value (3.47 mg/dL), shown in Table 3. One group (n=14 
patients) had serum magnesium levels below the median val-
ue, and other group (with 13 patients) had the levels above 
the median value. The FMD was significantly different be-
tween the two groups (2.8±1.7% below vs. 5.1±2.0% above, 
p=0.004). However, there were inconsistent values between 
the two groups with regard to the other endothelial dysfunc-

tion, measured by iontophoresis with LDF and cIMT.

Factors associated with flow-mediated dilation 
There was a significant correlation between FMD and serum 
magnesium levels. Multivariate analysis was performed in or-
der to determine the factors associated with FMD. Variables 
that were significant in univariate analysis were included in 
the multivariate regression analysis. These included age, gen-
der, diabetes mellitus, history of cerebrovascular disease, al-
bumin, calcium, phosphorus, and intact PTH. Serum magne-
sium and albumin were found to be independent factors for 
FMD (β=1.794, p=0.030 for serum magnesium; β=3.642, p= 

Table 3. Measurement Comparisons Based on the Median Magnesium Value

Mg<3.47 mg/dL (n=14) Mg≥3.47 mg/dL (n=13) p value
Laboratory findings

Hemoglobin (g/dL) 10.27±0.78 10.26±0.37 0.985
Blood urea nitrogen (mg/dL) 70.69±16.17 73.33±14.47 0.659
Creatinine (mg/dL) 10.33±3.38 11.35±2.05 0.350
Albumin (g/dL) 3.72±0.32 3.90±0.24 0.119
Total cholesterol (mg/dL) 132.64±28.62 147.77±31.13 0.200
Triglycerides (mg/dL) 107.14±67.34 118.92±73.43 0.667
Low density cholesterol (mg/dL) 65.25±14.17 56.00±33.67 0.619
Total calcium (mg/dL) 8.60±0.74 8.42±0.89 0.569
Phosphorus (mg/dL) 5.42±0.97 5.18±1.06 0.534
Uric acid (mg/dL) 7.87±0.99 7.66±0.90 0.568
Intact parathyroid hormone (pg/mL) 158.47±111.63 150.97±184.74 0.889

Vascular assessment
Ach-induced iontophoresis (ratio of response to baseline) 8.3±3.1 8.7±5.3 0.819
SNP-induced iontophoresis (ratio of response to baseline) 7.2±3.6 7.8±5.5 0.773
Flow-mediated dilatation (%) 2.8±1.7 5.1±2.0 0.004
Nitroglycerine-mediated dilatation (%) 12.5±6.9 11.0±6.8 0.571
Carotid intima-media thickness (mm) 0.83±0.11 0.77±0.09 0.252

Ach, acetylcholine; SNP, sodium nitroprusside.

Table 4. Univariate and Multivariate Analysis of the Factors Associated 
with FMD

Univariate* Multivariate
r p value β p value

Age NS -
Female 0.468 0.016 0.801 0.292
Diabetes mellitus NS -
Cerebrovascular disease -0.390 0.049 -0.918 0.284
Albumin (g/dL) 0.550 0.004 3.642 0.012
Total calcium (mg/dL) NS -
Phosphorus (mg/dL) NS -
Intact PTH (pg/mL) NS -
Magnesium (mg/dL) 0.549 0.004 1.794 0.030
FMD, flow-mediated dilation; PTH, parathyroid hormone.
*Statistically significant (p<0.05) p values as assessed by Pearson’s correla-
tion, as well as β estimates and p values from multivariate regression models. 
The r2 of the multivariate model was 0.638. Variables known to influence FMD 
(age, sex, diabetes mellitus, history of cerebrovascular disease, albumin, cal-
cium, phosphorus, intact PTH) were included in the multivariate analyses.

Fig. 4. Positive relationship between serum magnesium concentration 
and iPTH (p=0.207). iPTH, intact parathyroid hormone.
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0.012 for albumin) (Table 4).

The relationship between intact PTH and magnesium 
As shown in Fig. 4, the univariate analysis showed positive cor-
relation (r=0.251) between intact PTH and magnesium, altho-
ugh it was not statistically significant (p=0.207).

DISCUSSION

Systemic endothelial dysfunction is an early triggering event in 
the pathogenesis of atherosclerosis, hypertension and cardio-
vascular disease.16 A loss of endothelium-dependent vasodila-
tion precedes structural atherosclerotic lesions.6,17 Endothelial 
dysfunction was identified in a child with known risk factors for 
later cardiovascular disease.18,19 Therefore, evaluating the func-
tion of the vascular endothelium allows detection and preven-
tion of cardiovascular diseases.

Hypomagnesemia is believed to play a significant role in the 
development of cardiovascular disease, hypertension, and th-
rombosis in the general population.20,21 Magnesium is well 
known to modulate vascular tone and response, and act as a 
cofactor for Ach-induced endothelium-dependent relaxation.1 
Magnesium deficiency promotes oxidative stress in various 
cell types, including endothelial cells.22,23 In addition, oral mag-
nesium therapy is associated with significant improvement in 
endothelial function in patients with coronary artery disease.24 
Baseline serum magnesium levels are higher in patients with 
CKD than those in healthy population due to their positive bal-
ance of magnesium in kidney.25 Thus, it is important to define 
the relationship between serum magnesium levels and endo-
thelial dysfunction in CKD patients on HD because cardiovas-
cular complications are the most common cause of death am-
ong dialysis patients.

Our present data demonstrated that macrovascular endothe-
lial function is significantly correlated with serum magnesium 
levels in patients on HD, whereas microvascular endothelial 
function (presented as iontophoresis with LDF) was not signifi-
cantly related to serum magnesium values. Although not signifi-
cant, there was also positive correlation between cIMT and se-
rum magnesium level.

FMD has been established as valid method of assessing mac-
rovascular endothelial function in patients at risk for atheroscle-
rosis and other cardiovascular diseases. We found that FMD 
was positively correlated with serum magnesium. This suggests 
that higher magnesium values may actually improve macro-
vascular endothelial function in patients undergoing HD. The 
reactive hyperemia during FMD measurement produces a 
shear stress stimulus that induces the endothelium to release 
nitric oxide (NO), a vasodilator.26 Endothelial dysfunction refers 
to a worsening in endothelium-dependent relaxation. Endo-
thelial dysfunction is normally mediated by compounds in-
cluding NO, prostacyclin, and endothelium-derived hyperpo-

larizing factors (EDHFs), which directly facilitate vascular sm-
ooth muscle cell relaxation.27 Magnesium is thought to modify 
the vascular tone not only by regulating the endothelial and 
smooth muscle cell functions, but also by playing a role in the 
classical pathway of NO release. One animal experiment dem-
onstrated that magnesium increases the production of prosta-
cyclin and NO, which ultimately promote endothelium-inde-
pendent and endothelium-dependent vasodilation, respec-
tively.28 Similarly, our study confirmed this positive relationship 
between serum magnesium and FMD, especially in patients 
on HD. In addition, serum magnesium levels may actually be 
protective against macrovascular disease.

Unlike FMD of the brachial artery, there are no standardized 
assessments of endothelial function in the microvasculature. 
Iontophoresis with LDF is one of non-invasive methods to as-
sess microvascular endothelial function. This technology uses 
transdermal delivery of selective endothelium-dependent va-
sodilators, such as Ach in this study. The non-NO dependent 
vasodilatory pathway is likely to play a more critical role in the 
peripheral microcirculation than it does in the macrocircula-
tion. In other words, the contributions of recovered EDHF, 
which was suppressed by NO, or compensatorily enhanced 
prostanoid-dependent vasodilatory response is the determin-
ing factor for the preservation of endothelial function of mi-
crovessels.29 EDHF is a non-characterized endothelial-factor 
that plays a role in non-NO, non-prostaglandin-mediated en-
dothelium-dependent vasodilation. It ultimately causes hy-
perpolarization and relaxation of vascular smooth muscle 
cells.29 The EDHF contribution is inversely correlated with 
vessel size. The predominant EDHF activity occurs in resis-
tance vessels. In smaller vessels, there is a compensatory up-
regulation of EDHF under conditions of reduced NO bioavail-
ability.29 In this study, exogenous transdermal Ach induced 
peripheral vasodilation through a non-NO dependent path-
way. Ach has been shown to mediate cutaneous vasodilation 
through both prostanoid and non-NO, non-prostanoid-de-
pendent pathways. This phenomenon suggests that there is 
no direct role for NO in vasodilation.30 These findings are sup-
ported by an in vitro study, which demonstrated that Ach re-
laxation is mainly dependent on a non-NO, non-prostanoid 
endothelium-dependent hyperpolarization.31 Studies that have 
used iontophoresis application of Ach have also demonstrat-
ed that NO plays a limited role in the cutaneous response to 
Ach.32,33 Other researchers have suggested that prostaglandins 
act in the late phase of Ach-induced iontophoresis.34 Ultimate-
ly, it appears that the NO contribution in the peripheral mi-
crocirculation is smaller than in the macrocirculation. In ad-
dition, cutaneous Ach-mediated iontophoresis is unresponsive 
regardless of the serum magnesium level. Consequently, the 
irrelevant response to Ach-mediated iontophoresis in the 
present study is expected.

cIMT assessment is an established tool for detecting and 
monitoring atherosclerosis progression.35 In this study, rising 
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serum magnesium levels were associated with decreased cIMT, 
although the correlation was not statistically significant. Previ-
ously, HD patients were studied with regard to the relationship 
between magnesium level (intra- and extracellular) and ath-
erosclerosis (as measured using the cIMT).36 HD patients were 
found to have significantly higher mean common cIMTs than 
controls patients, and their serum magnesium and intracellu-
lar magnesium were negatively associated with the common 
cIMT. This suggests that magnesium may play a protective 
role in the development and acceleration of atherosclerosis in 
patients with chronic renal insufficiency.

The interplay between intact PTH and magnesium is com-
plicated. Several studies have reported that hypermagnesemia 
play a role for inhibition of PTH secretion, presenting a signifi-
cant linear inverse correlation between PTH and magnesium 
in patients on peritoneal dialysis as well as HD.37 However, a 
linear correlation was statistically insignificant. PTH may be 
regulated by phosphorus and calcium rather than magnesium, 
and these factors are tied up for sustaining homeostasis. Barada-
ran and Nasri38 reported that magnesium was correlated with 
serum 25-OH Vit D level rather than PTH, concluding that fac-
tors such as serum 25-OH Vit D rather than serum magnesium 
might be more important for regulation of PTH secretion. Ad-
ditionally, when we analyzed the relationship between PTH 
and endothelial function, there was no obvious correlation be-
tween them (not shown). Therefore, future studies are required 
to ascertain the relationship between magnesium and PTH.

This study has several limitations. Given its cross-sectional 
design, the case and effect relationships cannot be determined. 
Assessments were performed only one time and were not based 
on a time series. In addition, because the control group was 
not settled, these data cannot be generalized to all dialysis pa-
tients. Another limitation is that there is no objective reference 
to define endothelial dysfunction as assessed by iontophore-
sis with LDF. In order to describe the blood volume change, we 
used a ratio of response to baseline PU. However, there are no 
reference values of iontophoresis in HD patients. Finally, al-
though each magnesium level ranged either above or within 
the upper limit of normal reference, the participants did not 
show any symptoms from hypermagnesemia. Fur-thermore, 
because there were no signs of toxicity, we could not propose 
the upper limit of magnesium concentration, which may pos-
itively affect the endothelial function. Regardless of despite 
these limitations, our study is the first to suggest that serum 
magnesium prevents endothelial dysfunction in HD patients.

In conclusion, higher serum magnesium levels in hemodi-
laysis patients may have a beneficial effect on endothelial dys-
function. In the future, a large prospective study of HD patients 
is needed to clarify the relationship between serum magnesium 
and endothelial function. Furthermore, it is important to de-
fine the optimal magnesium reference range in patients with 
end stage renal disease undergoing HD.
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